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Dapper, a Dishevelled-Associated Antagonist
of -Catenin and JNK Signaling,
Is Required for Notochord Formation
Regulation of the Wnt/-catenin pathway is complex
(Polakis, 2000). In the absence of Wnt ligands, the cyto-
plasmic proteins Axin, adenomatous polyposis coli
(APC), and glycogen synthase kinase 3 (GSK-3) form a
complex that promotes phosphorylation of -catenin,
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targeting it for proteasomal degradation. Wnt binding1Howard Hughes Medical Institute
to some Frizzled (Fz) transmembrane receptors leadsDepartment of Pharmacology and
to activation of Dishevelled (Dsh) that inhibits this degra-Center for Developmental Biology
dation complex. As a result, -catenin accumulates and2 Department of Psychiatry
moves into the nucleus, where it binds transcriptionand Behavioral Sciences
factors of the HMG-box LEF/TCF families, leading toUniversity of Washington School of Medicine
activation of target genes.Seattle, Washington 98195
Since Dsh has no identifiable enzymatic activity, and3 Berkeley Center for Structural Biology
since both genetic and biochemical studies establish itPhysical Biosciences Division
as a pivotal cytoplasmic link between Fz activation andLawrence Berkeley National Laboratory
inhibition of the -catenin degradation complex, thereBerkeley, California 94720
is considerable interest in discovering how it functions.
Dsh has three highly conserved domains that contribute
to signaling: an amino-terminal DIX domain, a centralSummary
PDZ domain, and a C-terminal DEP domain (Yanagawa
et al., 1995; Axelrod et al., 1998; Boutros et al., 1998).Dapper was isolated in a screen for proteins inter-
Several proteins that bind to Dsh have been identified.acting with Dishevelled, a key factor in Wnt signaling.
The Idax protein interacts with the Dsh PDZ domain andDapper and Dishevelled colocalize intracellularly and
can compete with Axin for Dsh binding (Hino et al.,form a complex with Axin, GSK-3, CKI, and -catenin.
2001). Axin itself binds to Dsh via heterodimerizing DIXOverexpression of Dapper increases Axin and GSK-3
domains present on both proteins (Kishida et al., 1999;in this complex, resulting in decreased soluble
Itoh et al., 2000) as well as via the Dsh PDZ domain (Li-catenin and decreased activation of -catenin-
et al., 1999). GBP/Frat-1 is a Wnt/-catenin pathwayresponsive genes. Dapper also inhibits activation by
activator that binds to and inhibits GSK-3 after inter-Dishevelled of c-Jun N-terminal kinase (JNK), a com-
acting with Dsh (Li et al., 1999). Similarly, -arrestin hasponent of -catenin-independent Frizzled signaling.
recently been shown to bind phosphorylated forms ofInhibition of Dapper activates both -catenin-respon-
Dsh and to activate a LEF-responsive promoter (Chensive genes and an AP1-responsive promoter, demon-
et al., 2001). Daam1, a formin homology protein, bindsstrating that Dapper is a general Dishevelled antago-
to the Dsh PDZ and DEP domains to activate a distinctnist. Depletion of maternal Dapper RNA from Xenopus
RhoA-dependent signaling pathway that is implicatedembryos results in loss of notochord and head struc-
in planar cell polarity (PCP) signaling (Habas et al., 2001).tures, demonstrating that Dapper is required for nor-
Stbm is a transmembrane protein that functions in PCPmal vertebrate development.
signaling and also associates with Dsh through the Dsh
PDZ domain (Park and Moon, 2002). Similarly, the cyto-Introduction
plasmic protein Naked Cuticle (Nkd) is involved in PCP
signaling, activates JNK, and functions via binding to
Wnts are a family of secreted glycoproteins that activate
the Dsh PDZ domain as well as via a putative calcium
conserved receptor-mediated signaling pathways in an- binding domain (Rousset et al., 2001; Yan et al., 2001).
imal development and human disease (reviewed by Po- Three protein kinases are known to associate with Dsh.
lakis, 2000; Huelsken and Birchmeier, 2001). In the frog Casein kinase I (CKI) is a -catenin pathway activator
Xenopus laevis, Wnt/-catenin signaling specifies the that interacts with both Dsh and Axin, stimulates binding
initial dorsal axis (Miller et al., 1999). During gastrulation, of Dsh to GBP, and destabilizes the -catenin degrada-
Wnt signaling through-catenin promotes ventral lateral tion complex (Peters et al., 1999; Kishida et al., 2001;
mesoderm cell fates and antagonizes dorsal cell fates Lee et al., 2001). Casein kinase 2 (CK2) phosphorylates
(Christian and Moon, 1993; Hoppler and Moon, 1998; Dsh in response to Fz and is also a positive regulator
Lekven et al., 2001). This suppression of dorsal/anterior of Wnt signaling (Willert et al., 1997; Song et al., 2000).
cell fates is necessary for head formation (Glinka et al., PAR-1 is a Dsh-associated kinase that is stimulated
1997; Niehrs, 1999; Kim et al., 2000). by Wnt and promotes Wnt/-catenin signaling at the
expense of JNK signaling (Sun et al., 2001).
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(A) Schemata of Xenopus Dsh (XDsh) and Dpr (XDpr) showing conserved domains DIX, PDZ, and DEP, and leucine zipper (LZ) and PDZ
binding (PDZ-B) domains, respectively. Gray in XDsh indicates yeast two-hybrid bait. Vertical arrows indicate the positions of XDsh mutations
discussed in the text. The horizontal arrow indicates the 5 extent of XDpr clone obtained from the screen.
(B) Alignment of XDpr (X) with orthologs from mouse (M) and human (H). Black residues are identical; gray residues are conserved; horizontal
arrow as in (A).
is distinct from previously characterized Dsh-associated close homologs of Xenopus Dpr (XDpr) in the inverte-
brates C. elegans or D. melanogaster. However, or-proteins in that it inhibits the ability of Dsh to activate
both the -catenin and JNK signaling pathways. RNA thologs and closely related yet distinct genes were iden-
tified in the expressed sequence tag (EST) databasesdepletion studies in Xenopus demonstrate that Dpr is
required for notochord and head formation. of several vertebrate species.
The XDpr cDNA open reading frame encodes a protein
of 824 amino acids (Figure 1B). The mouse ortholog,
MDpr1, and the human ortholog, HDPR1, predicted fromResults
genomic sequence, have open reading frames of 778
amino acids and 836 amino acids, respectively. TheDpr Binds Dishevelled and Is Highly Conserved
in Vertebrates three gene products are highly conserved: XDpr is 60%
identical over its length to HDPR1 and 55% identical toTo identify proteins acting directly upstream or down-
stream of Dsh in the Wnt pathway, we carried out a MDpr1, whereas the mammalian proteins are over 75%
identical to each other. The identity is most striking atyeast two-hybrid screen of a Xenopus maternal cDNA
library using as bait the PDZ domain and adjacent se- the carboxy-terminal and amino-terminal ends, with the
latter including a putative leucine zipper (LZ) domain.quences of Xenopus Dsh (XDsh). One of the cDNA
clones that interacted strongly and specifically with the The carboxy-terminal 28 amino acids are entirely con-
served between all three proteins, including the final fourbait corresponded to the C-terminal half of a novel pro-
amino acids that constitute a consensus PDZ bindingtein (Figures 1A and 1B).
(PDZ-B) motif (Figure 1B).A GST-fusion protein derived from the interacting
yeast clone (GST-DprC), but not GST alone, pulls down
recombinant His-tagged XDsh or full-length XDsh syn- Dpr and Dsh Bind In Vitro and Associate In Vivo
thesized in vitro (Figure 2A and data not shown). We Full-length XDpr and MDpr1 coimmunoprecipitate with
cloned the remaining open reading frame of the cDNA full-length XDsh after both are translated in vitro (Figure
by 5 rapid amplification of cDNA ends (5 RACE-PCR). 2B and data not shown). Conversely, full-length XDsh
Because this interacting protein subsequently proved coimmunoprecipitates with full-length XDpr translated
to act as an antagonist of Dishevelled, we have named in vitro (Figure 2C). In the presence of XDpr, in vitro-
it Dapper (Dpr), the antonym of Dishevelled. Surveys of translated XDsh exhibits a mobility shift (Figure 2C, com-
pare lanes 1 and 3), which is reversed by incubationthe public domain sequence databases identified no
Dapper, a Dishevelled-Associated Antagonist
451
Figure 2. XDpr Binds XDsh
(A) His-tagged recombinant XDsh is pulled down by GST-DprC (lane 1) but not by GST alone (lane 2).
(B) XDpr translated and radiolabeled in vitro coprecipitates with unlabeled HA-tagged XDsh (lane 3 versus control lane 2).
(C) In vitro-translated and -radiolabeled XDsh coprecipitates with unlabeled Flag-tagged XDpr (lane 3 versus control lane 2). Inset: mobility
shift in Dsh is reversed by phosphatase treatment (see text).
(D) Flag-XDpr coprecipitates from 293T cells with XDsh-HA (lane 2 versus lane 1).
(E) Conversely, XDsh-HA coprecipitates from 293T cells with Flag-XDpr (lane 2 versus control lane 1).
(F) Endogenous DVL-1 coprecipitates with Flag-XDpr from 293T cells (lane 2 versus control lane 1).
with phosphatase during or after the binding assay (Fig- The Dpr PDZ-B Motif Makes Hydrogen Bonds
with the XDsh PDZ Domainure 2C, boxed inset).
Full-length-tagged XDpr and XDsh also associate in Dpr terminates in the sequence -TTV, matching the
PDZ-B consensus -S/TXV (Figure 1B; Kornau et al.,lysates derived from transfected tissue culture cells.
Flag-tagged XDpr coimmunoprecipitates with HA- 1995). Studies of other PDZ domain proteins and their
PDZ binding partners have suggested that the terminaltagged XDsh when both molecules are coexpressed in
human embryonic kidney (HEK) 293T cells (Figure 2D, three or four amino acids of the PDZ-B motif make criti-
cal contact with the PDZ domain (Ponting et al., 1997).lanes 1 and 2). Conversely, HA-tagged XDsh coimmuno-
precipitates with Flag-tagged XDpr from the same cell To extend these studies to Dpr and Dsh, we solved the
three-dimensional structures of the XDsh PDZ domainlysates (Figure 2E, lanes 1 and 2). Finally, Flag-XDpr
expressed in 293T cells coimmunoprecipitates with en- in a complex with the absolutely conserved last 8 resi-
dues of Dpr: SLKLMTTV-COOH (Figures 3D and 3E).dogenous human DVL-1 (Dishevelled) as assessed by
Western blot (Figure 2F). Based on these structural data, point mutations were
made in XDsh to investigate the specificity of its bio-
chemical interaction with XDpr. A triple mutation (***-)XDpr and XDsh Colocalize Intracellularly
in the B-C loop proximal to the XDsh PDZ bindingAnti-DVL-1 and anti-XDpr antibodies were used to visu-
site (Q272A, S273A, E275A; Figures 1A and 3D) hasalize endogenous XDsh and XDpr in Xenopus animal
no effect on the biochemical interaction between XDshcap explants. XDsh is located diffusely throughout the
and XDpr (Figure 3F, lane 12 compared with wild-typenucleus and in speckles of 0.3–0.5 m diameter distrib-
XDsh, lane 11). In contrast, a point mutation (*) of aspar-uted throughout the cytoplasm (Figure 3A; Miller et al.,
agine to threonine at position 317 in the XDsh B helix1999). The intracellular distribution of endogenous XDpr
(Figures 1A and 3E) eliminates binding to XDpr (Figure(Figure 3B) is indistinguishable from that of XDsh, and
3F, lane 13 compared with wild-type XDsh, lane 11).the two endogenous proteins extensively colocalize by
The side chain nitrogen of this residue stabilizes theconfocal microscopy (Figure 3C). Interestingly, overex-
conformation of the XDsh  strand that subsequentlypression of Frizzled-1 leads to recruitment to the mem-
hydrogen bonds to the Dapper carboxy-terminal pep-brane of XDsh but not XDpr (data not shown). Similarly,
tide. Conversely, two mutations in the terminal fourepitope-tagged XDpr and XDsh also colocalize (data not
shown). amino acids of XDpr (either deletion of all 4 residues
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Figure 3. XDpr/XDsh Colocalize and Bind via XDsh PDZ Domain
(A–C) Endogenous XDsh (A) and XDpr (B) show the same subcellular distribution in Xenopus animal cap explants, colocalizing to the nucleus
and to cytoplasmic speckles (arrows, [C]). The scale bar indicates 10 m.
(D) Ribbon diagram of XDsh PDZ domain/Dpr C-terminal peptide complex. Purple, XDsh PDZ. Yellow, Dpr PDZ-B. Red marks the relative
position of ***- triple mutant (see [F] and text below).
(E) Binding of Dpr PDZ-B to XDsh PDZ. Green residues mark mutations that disrupt in vitro binding and Dpr function (see text); numbering
of Dpr peptide is 7 to 0 for SLKLMTTV.
(F) Mutations in XDsh PDZ or XDpr PDZ-B eliminate their interaction following translation and binding in vitro. , deletion of XDpr PDZ-B; pt,
point mutation in Dpr PDZ-B; ***-, triple point mutation outside XDsh PDZ binding pocket; *, point mutation inside binding pocket. Lanes
1–4: input in vitro translation products; lanes 5–13: coimmunoprecipitations (see text).
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Figure 4. Overexpression of XDpr Inhibits Wnt/-Catenin Signaling
(A) Box: XDpr destabilizes -catenin in Xenopus animal caps. Below: activation of Wnt target genes by XWnt-8, monitored by RT-PCR, is
inhibited by coinjection of XDpr RNA. XDpr RNA alone does not activate Wnt target genes in animal caps. WE, whole embryo () control;
UN, uninjected animal cap () control; EF-1, EF-1 gene loading control.
(B) Box: XDpr inhibits Wnt-mediated accumulation of soluble endogenous -catenin. Below: XDpr inhibits Wnt-mediated TOPFLASH activation.
(C) Box: XDpr inhibits Dsh-mediated accumulation of soluble endogenous -catenin. Below: XDpr inhibits Dsh-mediated TOPFLASH activation.
(D) Box: XDpr inhibits accumulation of ectopic -catenin. Below: XDpr inhibits -catenin-mediated TOPFLASH activation.
(E) XDpr does not inhibit TOPFLASH activation by a point mutant (stabilized) -catenin.
(F) Deletion of either the XDpr PDZ-B or the LZ partially eliminates inhibition of Wnt-mediated TOPFLASH activation. All XDpr proteins were
5 GFP tagged. XDprPDZ-B, deletion of C-terminal four amino acids; LZXDpr, deletion of amino-terminal 129 amino acids; LZXDprPDZ-B,
double mutant (see text). Box: expression control anti-GFP Western blot.
[] or a point mutation [pt] converting the threonine These interactions are the only side chain interactions
that occur; all others are mediated by backbone atomsat position 2 to asparagine) abrogate binding to XDsh
(Figure 3F, lanes 8 and 10 compared with wild-type from XDsh and Dapper.
XDpr, lane 6), confirming the importance of these resi-
dues in mediating the specific interaction with the XDsh Overexpression of XDpr Inhibits Wnt and Dsh
Signaling Upstream of -CateninPDZ domain. In the three-dimensional structure, the side
chain oxygen of XDpr threonine (-2) appears to be within Injection of synthetic XDpr RNA into Xenopus embryos
reduces levels of coexpressed myc-tagged -cateninhydrogen bonding distance of one of the side chain
nitrogens (ND2) of XDsh arginine 325 in all three inde- (Figure 4A, upper box), suggesting that Dpr may act as
a Wnt/-catenin pathway inhibitor. To corroborate this,pendently refined members of the asymmetric unit.
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we tested whether overexpressed XDpr could block ac-
tivation of Wnt/-catenin pathway target genes. Injec-
tion of Xwnt-8 mRNA into Xenopus embryos elevates
expression of Xnr-3 and siamois in animal cap explants
(Figure 4A; Yang-Snyder et al., 1996). Coinjection of
XDpr mRNA inhibits this Wnt-mediated activation of
Xnr-3 and siamois (Figure 4A, lower panel).
Similarly, in HEK 293T cells, transfection of a plasmid
containing full-length XDpr blocks Wnt-mediated accumu-
lation of endogenous soluble -catenin (Figure 4B, upper
box). In such cells, the luciferase reporter TOPFLASH has
been widely used as a readout for nuclear -catenin-
mediated gene activation (Korinek et al., 1997). Consis-
tent with its effects on soluble-catenin, overexpression
of XDpr blocks activation of the TOPFLASH reporter by
Wnt-1 in a dose-dependent manner, and is similar in effect
to the established Wnt pathway inhibitor Axin (Figure 4B,
lower panel). XDpr overexpression also blocks Dsh-
mediated accumulation of soluble -catenin (Figure 4C,
upper box) and blocks Dsh-mediated activation of the
TOPFLASH reporter in a dose-dependent manner (Fig-
ure 4C, lower panel). Finally, XDpr overexpression reduces
detectable levels of epitope-tagged -catenin from a co-
transfected plasmid (Figure 4D, upper box) and reduces
TOPFLASH activation by wild-type -catenin in a dose-
dependent manner (Figure 4D, lower panel). However,
overexpression of XDpr has no effect on TOPFLASH
activation by a point mutant form of -catenin that is
unable to undergo phosphorylation-dependent degra-
dation (Figure 4E; Yost et al., 1996). These data collec-
tively suggest that XDpr inhibits Wnt/-catenin signaling
by promoting degradation of -catenin.
Deletion of Either the PDZ-B Motif or the LZ
Domain Diminishes XDpr Activity
Deletions in XDpr of either the carboxy-terminal 4 resi-
dues (PDZ-B) or the amino-terminal 129 residues cor-
responding to the entire putative leucine zipper and 5
sequences (LZ) had no effect on either the stability
Figure 5. XDpr Binds the Degradation Complex and Also Inhibits(Figure 4F, upper box) or the subcellular localization
JNK Signaling through Dsh(data not shown) of protein expressed in HEK 293T cells.
(A) Coimmunoprecipitation of XDsh and XDpr from 293T cells withNevertheless, deletion of either of these domains alone
GSK-3, Axin, CKI (-CKI; Transduction Laboratories), and -cateninor together significantly diminishes the ability of XDpr
(-C-terminal -catenin; Sigma; see text).
to block Wnt signaling in the TOPFLASH assay (Figure (B) Transfection of XDpr into HeLa cells inhibits Dsh-mediated phos-
4F, lower panel, lanes 4–6 compared with wild-type Dpr, phorylation of c-Jun (Jun S63) by JNK, with total c-Jun (Jun) shown
lane 3). Since the XDpr PDZ-B deletion does not bind as a control. Lane 1: GFP transfection control; lane 2: XDsh transfec-
tion; lanes 3–5: XDsh transfected with XDpr at 1:1, 1:2, and 1:5to XDsh (Figure 3F, lane 8 compared with control lane
ratios, respectively. Box: quantification, n 	 five experiments.6) but still has some ability to inhibit TOPFLASH activa-
tion in HEK 293T cells (Figure 4F, lane 4 compared with
lane 3), the Wnt-inhibitory function of XDpr is unlikely
XDpr and XDsh Form a Complex with GSK-3,to be mediated solely by binding to Dsh. This conclusion
Axin, CKI, and -Cateninis further supported by the diminished TOPFLASH inhib-
To extend these results, we asked whether other com-itory activity of the leucine zipper mutant (Figure 4F,
ponents of the Wnt/-catenin pathway associate withlane 5 compared with lane 3), which still contains those
XDpr in vivo. Flag-tagged XDpr coimmunoprecipitatessequences necessary for Dsh binding (Figure 2A and
with XDsh, GSK-3, endogenous Axin, endogenous CKI,data not shown) as well as the partial inhibitory activity
and endogenous -catenin (Figure 5A, lane 5 comparedof the double mutant (Figure 4F, lane 6 compared with
with control lane 4). These results suggest that XDprlane 3). Together, these data suggest that the inhibitory
function of XDpr is mediated both through its interaction forms an in vivo complex with Dsh, GSK-3, Axin, CKI,
and-catenin, all components of the-catenin degrada-with Dsh and also through other protein-protein interac-
tions. tion complex.
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Figure 6. Dpr Loss of Function Activates Wnt
Signaling
(A) HDPR1 antisense morpholino activates
TOPFLASH reporter (lane 2 versus control
lane 1) and is repressed by dominant-nega-
tive Tcf-4 (dnTcf-4; lanes 3 and 4). Control
morpholinos (lanes 5 and 6) do not activate
TOPFLASH; neither does the HDPR1 mor-
pholino activate FOPFLASH control (lanes 7
and 8). The control morpholino does not acti-
vate an AP-1 reporter (lane 9), but HDPR1
antisense morpholino activates this AP-1-
dependent reporter (lane 10). Inset: RT-PCR
confirms expression of HDPR1 in 293T cells.
(B) XDpr morpholino (Mo) specifically inhibits
translation of XDpr RNA in vitro. LZ-Dpr
(lanes 3 and 4) is control RNA that is lacking
the XDpr Mo recognition sequence; transla-
tion is not inhibited.
(C) XDpr Mo stimulates ectopic expression of
Wnt target genes by RT-PCR (lane 1), while
the control morpholino does not (lane 2); UN,
uninjected; RT, RT absent; Dsh RNA, posi-
tive control; Ef-1, RT-PCR/loading control.
We next asked whether Dpr might influence the com- activity. Interestingly, Dpr inhibits Dsh-mediated activa-
tion of JNK in this assay (Figure 5B). Dpr is thereforeposition of the -catenin degradation complex. Epitope-
tagged versions of both XDpr and XDsh were coexpressed an antagonist of Dsh-mediated signaling through both
-catenin and JNK.in HEK 293T cells, the Dsh was immunoprecipitated, and
coimmunoprecipitating proteins were detected by West-
ern blot analysis. HA-tagged XDsh immunoprecipitates
Depletion of Dpr Activates -CateninGSK-3, endogenous Axin, endogenous CKI, and endog-
and JNK Signalingenous -catenin (Figure 5A, lane 2 compared with con-
To test whether Dpr represses basal levels of Wnt signal-trol lane 1). Furthermore, in the presence of coexpressed
ing, expression of Dpr was decreased in tissue cultureXDpr, markedly more GSK-3 and endogenous Axin (Fig-
cells using antisense oligonucleotides. HEK 293T cellsure 5A, lane 3 compared with control lane 2) are immuno-
were transfected with a modified antisense oligonucleo-precipitated, despite having the same amount of XDsh
tide (morpholino) targeted against HDPR1, which is ex-in the total lysate. This suggests that Dpr helps recruit
pressed endogenously in this cell line (Figure 6A, inset).or stabilize GSK-3 and Axin in the complex. In contrast,
In contrast to control morpholino-transfected cells, cellsthe association of XDsh with both -catenin and CKI is
transfected with the HDPR1 morpholino exhibit in-either unchanged or diminished in the presence of XDpr
creased -catenin signaling as assessed by TOPFLASH(Figure 5A, lane 3 compared with control lane 2).
luciferase assay (Figure 6A, lane 2 compared with control
lanes 1, 5, and 6). The same morpholino has no effect on
the control reporter, FOPFLASH (Figure 6A, lanes 7 andXDpr Inhibits JNK Activation by Dsh
Nkd and Stbm both inhibit Wnt/-catenin signaling and 8). Cotransfection with a plasmid encoding dominant-neg-
ative Tcf-4 (Morin et al., 1997) blocks TOPFLASH activa-promote the JNK signaling pathway (Rousset et al.,
2001; Park and Moon, 2002). Since Dpr also inhibits tion by the HDPR1 morpholino in a dose-dependent
manner (Figure 6A, lanes 3 and 4 compared with laneWnt/-catenin signaling, we tested whether Dpr modu-
lates JNK phosphorylation of c-Jun as an assay of JNK 2), demonstrating that the HDPR1 morpholino activates
Developmental Cell
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Figure 7. Dpr Expression
(A–G) mRNA whole-mount in situ hybridizations.
(A) Sense controls: gastrula (bottom) and tailbud (top).
(B) Early gastrula (stage 10 vegetal view; top, dorsal; dl, dorsal lip).
(C) Early neurula (stage 14 dorsal view; top, anterior; ant ne, anterior neurectoderm).
(D) Early tailbud (stage 19 dorsal view; top, anterior).
(E and F) Tailbud (stage 21; [E], anterior view; [F], lateral view; arrows, neural folds; ey, eye fields; tb, tailbud).
(G) Tadpole (stage 41 lateral view; left, anterior).
(H) Northern analysis adult MDpr1 expression: br, brain; hrt, heart; kd, kidney; lvr, liver; lng, lung; ml, muscle; skn, skin; si, small intestine;
spn, spleen; stm, stomach; ts, testis; thy, thymus.
TOPFLASH via an HMG box transcription factor-depen- -catenin-responsive genes Xnr-3 and siamois in animal
cap explants (Figure 6C, lane 1 compared with controldent mechanism.
We next tested whether HDPR1 morpholino has an lanes 2 and 3). The experiments with cultured cells and
Xenopus embryos suggest that endogenous Dpr is re-effect on JNK signaling, by monitoring its effects on an
AP-1-responsive luciferase reporter plasmid (Kieser et quired to repress basal -catenin and JNK signaling.
al., 1997; Park and Moon, 2002). The morpholino acti-
vates this luciferase reporter (Figure 6A, lane 10 versus
control lane 9), supporting a role for endogenous Dpr Dpr Is Differentially Expressed
during Developmentin inhibiting JNK signaling.
To confirm and extend these results in an independent XDpr was initially identified in a maternal cDNA library
and is expressed maternally by RT-PCR (Figure 8A, up-system, we returned to the Xenopus animal cap assay.
We first showed that an XDpr morpholino specifically per). To further assess the expression of XDpr during
Xenopus development, whole-mount in situ hybridiza-inhibits translation of XDpr mRNA but not a control RNA
in an in vitro translation assay (Figure 6B). We then tions were performed. In the early gastrula, XDpr is ex-
pressed in the dorsal lip, the site of initial gastrulationshowed that injection of this XDpr-targeted morpholino
into fertilized Xenopus eggs leads to activation of the movements that coincides with the Spemann organizer
Figure 8. XDpr Is Required for Notochord and Head Formation
(A) RT-PCR analysis demonstrates maternal XDpr mRNA is depleted by XDpr oligonucleotide injection (upper). Western analysis of GFP and
myc-XDpr, coinjected with water, control oligo, or XDpr oligo (lower).
(B) Phenotypes of injected embryos. XDpr depletion leads to acephalic (shown) or microcephalic embryos (LOF). XDpr overexpression leads
to embryos with enlarged heads and curvature of the spine (GOF). The scale bar indicates 1 mm.
(C) Percentage of embryos with either the LOF or GOF phenotype: control (n 	 343), XDpr oligo (n 	 229), and XDpr mRNA (n 	 70).
(D) Reduction of abnormal notochord phenotype (analyzed by the notochord marker Tor-70) in embryos injected with XDpr mRNA following
depletion of endogenous XDpr mRNA. XDpr oligo (n 	 152) and XDpr oligo  mRNA (n 	 198) p 	 0.012.
(E) Frontal sections of control (panels b, e, and h), LOF (panels a, d, and g), and GOF (panels c, f, and i) embryos. 1, section anterior to otic
vesicle; 2, section at otic vesicle; 3, section posterior to otic vesicle. The scale is the same for panels a, b, c, d, e, and f. The scale is the
same for panels g, h, and i. Scale bars in panels f and i indicate 0.1 mm.
(F) Tor-70 staining in XDpr depleted embryos versus controls. The scale bar indicates 1 mm. In (E) and (F), long arrowheads denote notochord,
small arrows denote neural tissue, and large arrows denote fused lateral mesoderm (see text).




(Figure 7B). In the early neurula, XDpr is present through- Discussion
out the posterior presumptive ectoderm but is excluded
from the anterior presumptive neural ectoderm (Figure Dpr Is an Inhibitor of the -Catenin
and JNK Pathways7C). At tailbud stages, XDpr is present in the dorsal
neural folds, with highest levels of expression anterior Dpr is a representative of a gene family. Although highly
conserved Dpr family members have been identified inin premigratory and early migratory neural crest and
posterior in the tailbud (Figures 7D–7F). In the tadpole, Xenopus laevis, Mus musculus, Homo sapiens, Danio
rerio, and other vertebrates (data not shown), searchesXDpr expression is high in the head, including the brain,
retina, and cartilaginous branchial arch derivatives (Fig- of the sequenced Drosophila melanogaster and Caeno-
rhabditis elegans genomes have not identified orthologsure 7G). Supporting a role for Dpr in adult vertebrates,
Northern blot analysis reveals that MDpr1 is expressed in these invertebrates. Dapper (Dpr) interacts specifi-
cally with Dishevelled (Dsh) and functions as an inhibitorin multiple tissues in the mouse (Figure 7H).
of Dsh-mediated signaling pathways during vertebrate
development. Several observations are consistent withPhenotypic Consequences of XDpr Loss
Dpr inhibiting Wnt signaling by binding to Dsh down-of Function and Gain of Function
stream of Fz, and promoting degradation of -cateninIn order to determine the role of maternal XDpr, we
through the Axin/APC/GSK-3 complex. First, Dpr has aperformed the host-transfer technique in Xenopus laevis
PDZ-B motif that binds to the PDZ domain of Dsh. Sec-using antisense oligonucleotides to deplete the mater-
ond, Dpr colocalizes with Dsh in the cytoplasm andnal mRNA (Heasman et al., 1994). Twelve oligonucleo-
nucleus, and associates with Dsh, GSK-3, Axin, CKI,tides were tested for their efficacy in depleting maternal
and -catenin in vivo. Third, overexpression of Dpr re-XDpr mRNA and one was selected that depletes mater-
duces the accumulation of -catenin, and therebynal XDpr mRNA (Figure 8A, upper). The ability to deplete
blocks activation of -catenin-dependent transcrip-XDpr RNA and thus protein levels was further tested by
tional targets by either Wnt or Dsh. However, Dpr doescoinjecting myc-XDpr RNA with the antisense oligonu-
not block activation of TOPFLASH by a mutant-catenincleotide (XDpr oligo). The XDpr oligo was able to effec-
that removes a major GSK-3 phosphorylation site. Thistively reduce levels of tagged XDpr protein (Figure 8A,
indicates that Dpr is not a nonspecific pathway antago-lower).
nist, and suggests that Dpr functions at or above theOocytes were then injected with the XDpr oligo, the
level of -catenin. Finally, we show that Dpr, unlike Nkdhost-transfer technique was performed, and the pheno-
or Stbm, inhibits JNK signaling through Dsh. We con-types of embryos were scored at tadpole stage. Em-
clude that Dpr represents an inhibitory modulator ofbryos injected with the XDpr oligo displayed acephaly
Dsh activity in both the -catenin and JNK signalingor microcephaly (Figure 8B, middle panel, and quantified
cascades.in Figure 7C). Uninjected and control oligo-injected oo-
Our data are consistent with a model in which Dprcytes (not shown) were normal (Figures 8B and 8C).
binds to Dsh and stabilizes the -catenin degradationEmbryos were then sectioned to further characterize
complex. This promotes phosphorylation-dependenttheir abnormal phenotype. Loss-of-function embryos
degradation of soluble -catenin and thereby inhibitshad severely reduced and/or displaced notochords, re-
the transcriptional activation of downstream -catenin-duced/malformed neural tubes, and overspecification
dependent target genes. Dpr additionally acts as a gen-of the lateral mesoderm (n	 10; eight with no notochord,
eral Dsh signaling inhibitor, perhaps by decreasing theand two with mislocalized or reduced notochord; Figure
availability of Dsh to interact with molecules that direct8E, panels a, d, and g). Whole-mount Tor-70 staining
downstream signaling through either the-catenin path-confirmed that many of the embryos lack a notochord
way (e.g., GBP and -arrestin) or the PCP pathway (e.g.,altogether (Figure 8F, right panel). In order to test the
Stbm, Nkd, and Daam1).specificity of this phenotype, synthetic XDpr RNA was
injected into oocytes 1 day following depletion of the
endogenous XDpr and processed as above. We could Interactions between Dpr and Dsh
We have demonstrated that the residues making up thesignificantly rescue the normal notochord phenotype
lost by XDpr depletion (Figure 8D). PDZ-B motif of Dpr mediate its interaction with the PDZ
domain of Dsh. The amino-terminal portion of Dpr in-Given that XDpr depletion leads to reduction of the
notochord and neural structures, we sought to examine cluding the leucine zipper is unnecessary for this inter-
action, as demonstrated by both the crystal structure ofthe consequences of overexpression of XDpr. There-
fore, the host-transfer technique was performed on oo- the bound complex and by biochemical binding assays.
Nevertheless, this region is necessary for the full Wnt-cytes injected with synthetic XDpr RNA, and embryos
were assayed at the tadpole stage. Embryos overex- inhibitory function of Dpr. Leucine zippers are protein-
protein interaction domains that have been describedpressing XDpr displayed a curved spine, increased dor-
sal/ventral diameter, and anterior placement of the eyes in a wide variety of proteins, including both cytoplasmic
proteins and many nuclear transcription factors (Baxe-(Figure 8B, bottom panel, and quantified in Figure 7C).
Sectioning of these embryos revealed a phenotype that vanis and Vinson, 1993). It is possible that the leucine
zipper domain of Dpr, along with other regions of thewas the opposite of the loss-of-function phenotype. Em-
bryos displayed an enlarged and/or anteriorly bifurcated protein, mediates interactions with other components
of the degradation complex or as yet unknown mole-notochord (n 	 6), expansion and/or bifurcation of the
anterior neural tissues, and enlarged neural tube and cules that play a role in Wnt signaling. Since Dsh func-
tions in -catenin signaling, JNK signaling, and Notchfloorplate (Figure 8E, panels c, f, and i).
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Xenopus Animal Capssignaling (Axelrod et al., 1996), Dpr may also directly
RT-PCR of Xnr-3, siamois, and EF1 was performed as previouslyparticipate in these pathways.
described (Yang-Snyder et al., 1996) using the following injection
doses: XDpr morpholino (1 ng), control morpholino (1–10 ng), Xwnt-8
Dpr Is Required for Normal Development RNA (50 pg), XDsh RNA (250 pg), XDpr RNA (1 ng), and GFP RNA
Inhibitors of Wnt activity play important roles in develop- (1 ng). The sequence of the XDpr morpholino corresponds to the
ment. Loss of function of any of several Wnt inhibitors reverse strand of the first 25 nucleotide residues of the open reading
frame. The delta LZ-Dpr cDNA has a deletion of codons 2–129 ofin Drosophila causes severe segmentation defects and
XDpr.embryonic lethality (Zeng et al., 2000). In vertebrates,
Northerninhibition of Wnt/-catenin activity in the gastrula orga-
A mouse multiple tissue Northern blot containing 2 g of poly A
nizer is needed for normal specification of axial (noto- selected RNA per lane (Origene Technologies) was probed with a
chord) versus lateral (somitic) mesoderm (Niehrs, 1999; radiolabeled riboprobe corresponding to nucleotides 798–1094 of
Glinka et al., 1997; Kim et al., 2000). Overexpression of MDpr1.
Wnt in the gastrula organizer overrides the endogenous
In Situ Hybridization and Histologyinhibitors, and results in respecification of the notochord
Performed as described (Sieve et al., 2000) with full-length Dpras somitic mesoderm, secondarily resulting in a head-
cDNA. Thick sections of paraffin-embedded embryos were preparedless embryo (Christian and Moon, 1993). In the present
as described (Kay and Peng, 1991).study, we show that depletion of endogenous maternal
XDpr RNA phenocopies the overexpression of Wnt in In Vitro Protein Binding and Immunoprecipitation
the gastrula organizer, similarly resulting in the loss of Proteins for in vitro binding assays were cloned fusion proteins that
the notochord and head structures. were either expressed and purified using standard techniques or
were 35S labeled and synthesized in vitro using the TNT kit (Promega).Reciprocally, overexpression of dominant-negative
The GST-DprC-fusion protein expression vector was constructedWnt-8 (Hoppler et al., 1996) or dominant-negative Dsh
by in-frame subcloning of the XDpr yeast two-hybrid clone into(Sokol, 1996) in Xenopus embryos leads to enlargement
pGEX (Pharmacia). His-tagged recombinant XDsh corresponds toof the notochord and head structures. We show that
nucleotides 176–1563 of XDsh. Purified GST-DprC bound to glutathi-
overexpression of wild-type Dpr similarly results in en- one beads was mixed with soluble purified His-tagged XDsh at 4
C
larged notochord and head structures. Thus, both gain (Figure 2A). For Figures 2B and 2C, a radiolabeled TNT reaction and
and loss of Dpr function are consistent with loss and an unlabeled TNT reaction were mixed and then combined with
protein A beads plus the indicated antibody for 1–4 hr at 4
C withgain of Wnt activity, respectively. Together, the data
rotation. For Figures 2A–2C, beads were then washed gently five toconfirm that Dpr is a Dsh antagonist required for normal
six times in an excess of cold 20 mM Tris-HCl (pH 7.5), 150 mMnotochord and head formation. While the developmental
NaCl, 1 mM EDTA, 1 mM EGTA, 0.1% Tween 20, before being
phenotypes described here for Dpr are most consistent processed by SDS-PAGE and either autoradiography or Western
with its role as an inhibitor of the -catenin pathway, blotting.
we cannot discount a potential contribution from its role
as an inhibitor of JNK activity. In Vivo Coimmunoprecipitations
Human embryonic kidney 293T cells were grown to 30%–40% con-In summary, we propose that maternal XDpr functions
fluence in 60 mm culture dishes by standard techniques and trans-in dorsal cells to ensure that zygotic Wnt signaling,
fected as described with pCS2 containing the following inserts aswhich is required for specification of lateral mesoderm
indicated: Flag-XDpr (100 ng), XDsh-HA (100 ng), XGSK-3-myc (50during gastrulation, does not adversely affect specifica-
ng), or GFP (lysate/transfection loading control, 50 ng). Total trans-
tion of dorsal axial mesoderm. Furthermore, Dpr is fected DNA was normalized between samples by addition of
unique among described vertebrate Dsh-associated an- CS2myc (no insert). Transfected cells were grown overnight to
60%–80% confluence, washed once with PBS, and then lysed intagonists in that it antagonizes both the -catenin and
ice-cold lysate buffer (20 mM Tris-HCl [pH 8], 135 mM NaCl, 1.5JNK signaling cascades. Further exploration of the func-
mM MgCl2, 1 mM EGTA, 0.5% CHAPS, 10% glycerol and proteasetions of Dpr may therefore provide insights into regula-
inhibitors; Roche CompleteTM Mini, 1 tablet/15 ml). Uncleared ly-tion of multiple signaling pathways in development and
sates were incubated with occasional vortexing on ice for 30 min,
disease. then spun down at 4
C, and supernatants taken (lysate). For coim-
munoprecipitations, lysates were incubated with either anti-HA or
Experimental Procedures anti-Flag commercial antibodies previously crosslinked by standard
techniques to protein A beads, and then washed three times each
Yeast Two-Hybrid Screen (5 min/wash) in lysate buffer at 4
C.
The Matchmaker Two-Hybrid system (Clontech) was used with a
Xenopus laevis unfertilized oocyte cDNA library. The XDsh fragment
Dpr Antibody Productionused corresponds to amino acid residues 114–397.
Two GST-fusion constructs were made using sequences corre-
sponding to the amino-terminal 224 and the carboxy-terminal 238RACE-PCR
amino acids of XDpr in pGEX (Pharmacia). The fusion proteins wereXDpr 5 RACE
expressed and purified and injected into chickens (Aves Labs). AllcDNA was synthesized using the Smart Race cDNA amplification
antibodies used were characterized by their ability to immunopre-kit (Clontech).
cipitate in vitro-translated XDpr protein.MDpr1 5 RACE
Total RNA was harvested from adult mouse cerebellum using Trizol
Xenopus Host Transferreagent (Life Technologies). cDNA was synthesized using the Smart
Performed as described (Heasman et al., 1994). 2.5 ng of modifiedPCR cDNA synthesis kit (Clontech) and the GeneRacer Advanced
or control oligos were injected into oocytes, and rescue and overex-RACE kit (Invitrogen).
pression experiments were based on injection of 4 ng of XDpr RNA.
For Western analysis of myc-XDpr, 0.7 ng myc-XDpr RNA, 0.45 ngRNA Analyses
GFP RNA, and either 2.5 or 4.0 ng (shown) of XDpr oligo or control293T Cells
oligo were injected. Both levels of oligo demonstrate significantTotal RNA for cDNA synthesis was prepared using the RNeasy Total
RNA System Mini kit (Qiagen). depletion.
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Immunochemistry and Confocal Microscopy Baxevanis, A.D., and Vinson, C.R. (1993). Interactions of coiled coils
in transcription factors: where is the specificity? Curr. Opin. Genet.All images were collected using a laser scanning confocal micro-
scope (Nikon PCM 2000, Nikon) using a 60, 1.2 NA water immersion Dev. 3, 278–285.
objective. Animal caps from embryos were cut at stage 11 and fixed Behrens, J., von Kries, J., Kuhl, M., Bruhn, L., Wedlich, D.,
in 4% paraformalehyde in fresh CSK buffer (100 mM NaCl, 300 mM Grosschedl, R., and Birchmeier, W. (1996). Functional interaction of
sucrose, 10 mM PIPES [pH 6.8], 3 mM MgCl2, 1.2 mM PMSF) for 1 -catenin with the transcription factor LEF-1. Nature 382, 638–642.
hr at room temperature. Anti-MDvl-1, anti-XDpr, goat anti-Rabbitt
Boutros, M., Paricio, N., Strutt, D.I., and Mlodzik, M. (1998). Dishev-
Alexa 488 (Molecular Probes), and donkey anti-chick Cy3 (Jackson
elled activates JNK and discriminates between JNK pathways in
IR) were used at 1:1000 dilution in PBS plus 0.1% Triton X-100. Tor-
planar polarity and Wingless signaling. Cell 94, 109–118.
70 whole-mount immunochemistry was conducted as described
Chen, W., Hu, L.A., Semenov, M.V., Yanagawa, S., Kikuchi, A., Lef-(Moon and Christian, 1989).
kowitz, R., and Miller, W.E. (2001). -Arrestin1 modulates lymphoid
enhancer factor transcriptional activity through interaction withCell Culture, Transfection, and Assays
phosphorylated dishevelled proteins. Proc. Natl. Acad. Sci. USA 98,General
14889–14894.Human embryonic kidney 293T cells or HeLa cells were maintained
Christian, J.L., and Moon, R.T. (1993). Interactions between Xwnt-8by standard techniques and transfected using Lipofectamine Plus
and Spemann organizer signaling pathways generate dorsoventral(Life Technologies) unless otherwise noted. All cDNAs were in
pattern in the embryonic mesoderm of Xenopus. Genes Dev. 7,pCS2 or its derivatives (Turner and Weintraub, 1994). Luciferase
13–28.assays with TOPFLASH and FOPFLASH (Korinek et al., 1997) or an
AP-1-dependent reporter (Kieser et al., 1997; Park and Moon, 2002), Glinka, A., Wu, W., Onichtchouk, D., Blumenstock, C., and Niehrs,
were performed 24 hr posttransfection with an EG&G Berthold Auto- C. (1997). Head induction by simultaneous repression of Bmp and
lumet LB953 and were normalized either to cotransfected Wnt signalling in Xenopus. Nature 389, 517–519.
-galactosidase or Renilla luciferase activity. Levels of soluble Habas, R., Kato, Y., and He, X. (2001). Wnt/Frizzled activation of
-catenin were determined as described (Torres et al., 1999). Rho regulates vertebrate gastrulation and requires a novel formin
XDpr Overexpression homology protein Daam1. Cell 107, 1–20.
Indicated plasmids were cotransfected with the reporter constructs
Heasman, J., Crawford, A., Goldstone, K., Garner Hamrick, P., Gum-in the following amounts: mouse Wnt-1, 5–10 ng; XDpr, 20–400 ng;
biner, B., McCrea, P., Kintner, C., Noro, C.Y., and Wylie, C. (1994).mouse Axin (Zeng et al., 1997), 400 ng; XDpr- PDZ-B, 400 ng; XDsh,
Overexpression of cadherins and underexpression of -catenin in-100 ng; -catenin constructs (Yost et al., 1996), 20 ng; dnLEF-1
hibit dorsal mesoderm induction in early Xenopus embryos. Cell 79,(Behrens et al., 1996), 20 ng; and human dnTcf-4, 5–30 ng. Total
791–803.transfected DNA was normalized with pCS2.
Hino, S., Kishida, S., Michiue, T., Fukui, A., Sakamoto, I., Takada, S.,Human Morpholino
Asashima, M., and Kikuchi, A. (2001). Inhibition of the Wnt signalingAntisense morpholino oligos for HDPR1, Shp2, or control were trans-
pathway by Idax, a novel Dvl-binding protein. Mol. Cell. Biol. 21,fected by Special Delivery (Gene-Tools) according to the manufac-
330–342.turer’s instructions 1 day prior to DNA transfection.
JNK Activity Assays Hoppler, S., and Moon, R.T. (1998). BMP-2/-4 and Wnt-8 coopera-
Indicated plasmids were transfected into HeLa cells and protein tively pattern the Xenopus mesoderm. Mech. Dev. 71, 119–129.
lysates prepared 24 hr later. Lysates were then probed with antibod- Hoppler, S., Brown, J.D., and Moon, R.T. (1996). Expression of domi-
ies specific for phospho-Jun (S63; New England Biolabs) and c-Jun nant-negative Wnt blocks induction of MyoD in Xenopus embryos.
(New England Biolabs). Genes Dev. 10, 2805–2817.
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X-Ray Crystallography
ing pathways in higher vertebrates. Curr. Opin. Genet. Dev. 11,
Initial X-ray crystallography, purification, and crystallization were
547–553.
performed as in Khlebtsova et al. (2000). Figures were generated
Itoh, K., Antipova, A., Ratcliffe, M.J., and Sokol, S. (2000). Interactionusing the programs MOLSCRIPT (Kraulis, 1991) and Raster3D (Mer-
of dishevelled and Xenopus axin-related protein is required for wntritt and Murphy, 1994).
signal transduction. Mol. Cell. Biol. 20, 2228–2238.
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